Xwnt-2b is a novel member of the Wnt gene family and is 73-74% similar to human and mouse Wnt-2 proteins. Starting from stage 15, Xwnt-2b transcripts are localized to a non-contiguous stripe in the anterior neural plate of the Xenopus embryo. In the tailbud, Xwnt-2b is expressed along the dorsoanterior side of the prosencephalon-mesencephalon boundary. At the tadpole stages, the brain-specific expression fades, but the total amount of Xwnt-2b mRNA does not decline due to activation of its expression in non-brain areas. Microinjection of Xwnt-2b mRNA into a ventral blastomere of 4-8-cell embryos results in the formation of complete secondary body axes. These results suggest that Xwnt-2b is a member of the axis-inducing Wnts and that it is involved in brain development and in later organogenesis.
Introduction
The Wnt gene products are a large family of cysteinerich, secreted glycoproteins which play a role both in embryonic development and in tumorigenesis (reviewed by Nusse and Varmus, 1992; Parr and McMahon, 1994) . Most of the knowledge of the molecular mechanisms operating during Wnt signal transduction comes from genetic studies on wingless (wg), a Drosophila homologue of the Wnt-1 proto-oncogene (reviewed by Perrimon, 1994 Perrimon, , 1996 . Experiments in mice, chicken and Xenopus indicate that the Wnt/Wg signaling pathway is functionally conserved between Drosophila and vertebrates (Bally-Cuif et al., 1992; McMahon et al., 1992; Dominguez et al., 1995; Funayama et al., 1995; Guger and Gumbiner, 1995; He et al., 1995; Karnovsky and Klymkowsky, 1995; Pierce and Kimelman, 1995; Rothbacher et al., 1995; Sokol et al., 1995) .
The majority of the Wnt gene family members were initially identified in the mouse based on their similarity to Wnt-1/wg (Gavin et al., 1990) . Currently, eight full length Xenopus Wnt gene homologues (Xwnts) have been isolated: . All Xwnts reveal unique spatial and temporal patterns of expression. Three Xwnts including Xwnt-5A (Moon et al., 1993a) , Xwnt-11 (Ku and Melton, 1993) and Xwnt-8b (Cui et al., 1995) are present both in oocytes and in early embryos, whereas other Xwnt products are zygotic (Wolda and Moon, 1992 ; and review by Moon et al., 1993b) . The majority of the known Xwnts, including Xwnt-1 (Noordemeer et al., 1989) , Xwnt-3a , Xwnt-4 (McGrew et al., 1992) as well as the maternal Wnts, are expressed during neural development.
The developing central nervous system of the Xenopus embryo may be subdivided into specific domains characterized by the expression of different Xwnts (reviewed by Moon, 1993) . In the tailbud embryo, the cephalic regions of Xwnt-1 and Xwnt-3A expression overlap significantly along the dorsal midline of the brain and the anterior spinal cord (Wolda et al., 1993) . However, Xwnt-1 transcripts expand more ventrally than those of Xwnt-3A near the mesencephalon-rhombencephalon junction. In addition, Xwnt-3A mRNA is found at the prosencephalon-mesencephalon boundary (Wolda et al., 1993) . Xwnt-8b is also expressed at the prosencephalon-mesencephalon boundary (Cui et al., 1995) and may partially overlap with Xwnt-3A. Neural tissue specific expression of another Wnt gene, Xwnt-4, changes during the development of neurula and tailbud embryos (McGrew et al., 1992) . At stage 14/15, Xwnt-4 transcripts are found throughout the developing neural plate and may serve as an early marker for neural induction (McGrew et al., 1992) . As development proceeds, Xwnt-4 mRNA becomes localized to the floor plate as well as to two areas at the dorsal midline and is enriched at the prosencephalon-mesencephalon boundary (McGrew et al., 1992) .
In addition to diverse patterns of expression, Xwnts differ in their functional properties. RNA microinjection experiments demonstrated that Xwnts can modulate dorso-ventral polarity, cell adhesion properties and cell-cell communication via gap junctions (McMahon and Moon, 1989; Olson et al., 1991; Smith and Harland, 1991; Sokol et al., 1991; Moon et al., 1993a) . Based on these overexpression studies, Wnt products can be divided into two functional classes (Moon et al., 1993a; Du et al., 1995; Torres et al., 1996) . Members of the first group (Xwnt-1, Xwnt-3A, Xwnt-8 and Xwnt-8b) enhance gap junctional permeability and can induce a secondary body axis upon injection into one ventral blastomere of the early embryo (reviewed by Moon et al., 1993b) . This axis-inducing activity is inhibited by overexpression of Xwnt-4, Xwnt-5A and Xwnt-11, which define the second group of Wnts (Torres et al., 1996) . This group is also known to inhibit morphogenetic movements of dorsal marginal zone cells during gastrulation (Du et al., 1995) . At present, the molecular basis for distinct functional properties of these Wnts is not well understood and is the subject of ongoing studies.
Here we report the cloning of Xwnt-2b, a novel Xenopus Wnt gene homologue. Xwnt-2b is expressed zygotically, starting at neurula stages. While the initial Xwnt-2b expression is restricted to a band of cells in the prospective mesencephalon, later in embryogenesis, Xwnt-2b mRNA is found in several other areas of the tadpole. Microinjection of Xwnt-2b mRNA into a ventral blastomere of the 4-8-cell embryo results in the induction of a complete secondary body axis. The potential role of Xwnt-2b in neural development and in organogenesis is discussed.
Results

Isolation and sequence analysis of Xwnt-2b cDNA
To identify novel Wnt genes, PCR was conducted using DNA from a Xenopus ovary cDNA lgt10 library (Rebagliati et al., 1985) as a template. This PCR yielded a 0.45 kb cDNA fragment with high similarity to human Irp-1/ Wnt-2 cDNA (Wainwright et al., 1988) . To isolate the full length cDNA encoding the novel Xenopus homologue of Wnt-2 we screened the same library with the 32 P-labeled probe corresponding to the amplified DNA fragment. The positive phage contained a 2.5 kb cDNA insert with a 1053 bp open reading frame encoding a 351 amino acid protein (Fig. 1A) . The deduced Xwnt-2b protein has a molecular weight of 40 kDa, and 29% of its amino acids are hydrophobic. The first 16 amino acids of the protein are likely to encode a signal sequence for secretion. Xwnt-2b has one potential glycosylation site (N residue at position 77) and twenty four cysteine residues that are well conserved among other Wnt proteins (Fig. 1A) . The predicted Xwnt-2b amino acid sequence is 39-53% similar to other Xenopus Wnts, but it is most closely related to mouse, human, rat Wnt-2 and to human Wnt-13 (Table 1) . Wnt-13 is a novel Wnt gene, isolated from human gastric cancer-derived cell line cDNA and is closely related to the Wnt-2 gene sub-family (Fig. 1A) . Further analysis of a partial Xenopus Wnt clone, designated Xwnt-2 (Fig. 1B) , shows that Xwnt-2b has 62% similarity to that partial clone and 66% and 64% similarity to human Wnt-2 and human Wnt-13, respectively. Thus, Xwnt-2b represents a novel Xenopus homologue of Wnt-2.
Temporal and spatial distribution of Xwnt-2b mRNA during embryogenesis
To assess when the Xwnt-2b gene may function during Xenopus embryogenesis, total RNA from embryo stages 8.5-35 was analyzed on a Northern blot and was found to accumulate from stage 17 onwards (Fig. 2) . Xwnt-2b antisense probe hybridized with a major 3.5 kb transcript, and a minor band of approximately 7 kb size. These observations suggest that Xwnt-2b products may function during neurulation and at later stages of development.
Spatial patterns of expression were visualized in embryos at neurula, tailbud and tadpole stages by whole-mount in situ hybridization. Initially at stage 15, Xwnt-2b mRNA is evident as two narrow stripes at the anterior neural plate (Fig. 3A) . The gap between the two bands corresponds to (Katoh et al., 1996) , mouse Wnt-2 (McMahon and McMahon, 1989) , human Wnt-2 (Wainwright et al., 1988) , rat Wnt-2 (LevayYoung and Navre, 1992) and zebrafish Wnt-2 (Blader et al., 1997) . Conserved amino acid residues are shown on dark background. (B) Partial nucleotide sequence alignment of Xwnt-2b, human Wnt-13 (Katoh et al., 1996) , Xenopus Wnt-2 (Wolda and Moon, 1992) and human Wnt-2 (Wainwright et al., 1988) . The partial Xenopus Wnt-2 cDNA is aligned with the numbered (in parentheses) sequences of the other Wnts. Conserved bases are shown on dark background. the neural groove. When the neural folds fuse, the two Xwnt-2b stripes are brought together, and by stage 22 they are contiguous ( Fig. 3C ). At the tailbud and tadpole stages, Xwnt-2b transcripts are seen near the prosencephalon-mesencephalon boundary, above the prospective eye region (Figs. 3E and 4A,E,F; see Eagleson and Harris, 1990) . After stage 30, expression in the brain becomes weaker (compare Fig. 4E and F), whereas staining in other areas becomes apparent (see arrowheads in Fig.  4A ,G). Embryos hybridized with Vg-1 mRNA probe, as a negative control (Rebagliati et al., 1985) did not reveal significant background staining (data not shown).
The spatial distribution of Xwnt-2b mRNA was compared with the expression of the Engrailed-2 (En-2) gene (Hemmati-Brivanlou and Harland, 1989; Hemmati-Brivanlou et al., 1991) . Similar to Xwnt-2b, En-2 transcripts are initially seen in two discontinuous stripes at the anterior neural plate interrupted by the neural groove ( Fig. 3B ) and the closure of the neural tube brings En-2 stripes adjacent to each other (Fig. 3D ). The expression region of En-2 is clearly more posterior than the domain of Xwnt-2b expression (Fig.  3E,F) . At the later stages, as En-2 transcripts become restricted to the mesencephalon-rhombencephalon boundary, the gap between the Xwnt-2b and En-2 stripes becomes more pronounced (compare Fig. 3E ,F to Fig. 4A,B) . Another striking difference between the expression of the two genes is along the dorsoventral axis of the brain; Xwnt2b transcripts are mainly on the dorsal side of the brain, whereas En-2 transcripts expand ventrally to form a ringshaped area of expression (Fig. 3G,H) .
To examine the cephalic distribution of Xwnt-2b transcripts in more detail, embryos stained by whole-mount in situ hybridization were embedded in paraffin and sectioned.
Sections of stage 30 embryos reveal spatially distinct patterns of Xwnt-2b and En-2 transcripts (Fig. 4C,D) . The Xwnt-2b staining is positioned more anteriorly than the En-2 staining and is mainly restricted to the dorsal region of the prosencephalon-mesencephalon boundary (Fig. 4C) . En-2 transcripts are found in the more posterior sections around the mesencephalon-rhombencephalon junction (Fig. 4D) . In contrast to the dorsal localization of Xwnt-2b mRNA, En-2 transcripts are present in the brain both dorsally and ventrally (Fig. 4D) .
Non-neural expression of Xwnt-2b appears initially at stage 30 above the heart, and it expands dorsally in stage 35 embryos (Fig. 4A,G) . In those embryos, the staining is visible as two narrow islands on both sides of the tadpole body (Fig. 4G) . The staining pattern is unique to Xwnt-2b and was not obtained when sibling embryos were hybridized with En-2 RNA probe (compare Fig. 4G and H) . The sagittal sections show that the staining area is restricted to a narrow line of cells between the heart and the pronephros, and is excluded from these organs (Fig. 4I) . Transversal sections show that the stained cells are positioned laterally on both sides of the pharynx, but morphological structures associated with those cells are not recognizable at this stage (not shown, see Section 3).
Xwnt-2b can induce a complete secondary body axis
Several Wnts including Wnt-1, Xwnt-3a, Xwnt-8 and Xwnt-8b are known to induce a secondary body axis when overexpressed in Xenopus embryos (Moon et al., 1993b; Cui et al., 1995) . To assess whether the isolated Xwnt-2b has a similar activity, synthetic Xwnt-2b mRNA was microinjected into a single ventral blastomere of 4-8-cell embryos, in a vegetal region. Injections of 6-60 pg of Xwnt-2b mRNA resulted in induction of secondary body axes in 40-80% of injected embryos (depending on the RNA dosage; Table 2 ). The induced axes were complete and included the most anterior derivatives such as brain, eyes and cement gland (Fig. 5) . Injection of an equivalent amount of Vg-1 RNA (Rebagliati et al., 1985) as a control did not result in any observable modification in the embryos. These findings demonstrate the ability of Wnt2b gene product to induce dorsoventral axes in a manner similar to that of the other known axis-inducing Wnts: Xwnt-1, Xwnt-3a, Xwnt-8 and Xwnt-8b (Sokol et al., 1991; Moon et al., 1993b; Cui et al., 1995) .
Discussion
In this study we have identified and characterized Xwnt2b, a novel member of the Wnt-2 sub-family of developmental regulators. We found that Xwnt-2b transcripts are localized near the prosencephalic-mesencephalic boundary of the developing brain in neurula and tailbud stages (see scheme in Fig. 6 ). Xwnt-2b mRNA is also expressed in nonbrain areas at tadpole stages, suggesting that it functions during neural development and during organogenesis.
Interestingly, brain-specific expression of the mouse and human Wnt-2 genes has not been reported. Human Wnt-2 gene is expressed in placenta and in the lung (Wainwright et al., 1988; Buhler et al., 1993) . In the mouse embryo, Wnt-2 expression is also found in the developing mammary gland, lung, embryonic pericardium, allantois and umbilicus Buhler et al., 1993; Monkley et al., 1996) . In contrast, rat Wnt-2 transcripts are detected in adult brain and in embryonic heart and lung (LevayYoung and Navre, 1992). One possible explanation for the divergent expression patterns of Wnt-2 homologues is that different species may have more than one Wnt-2 gene. This possibility is supported by the recent identification of a novel human Wnt gene, Wnt-13 (Katoh et al., 1996) , which is 66% similar to human Wnt-2 (Wainwright et al., 1988) and is expressed in a variety of fetal and adult tissues including brain. Another close member of the Wnt-2 family is the human Wnt-2a that was recently cloned by A. Harris (personal communication) from mammary cancer cells and has 98% similarity to human Wnt-13. Wnt-2a may be a partial clone of human Wnt-13. Thus, Wnt-2 sub-family includes at least two members in humans and possibly some members in other species.
Which role do Wnts play in brain development? Many Wnts are activated in the neural plate long before different brain regions are distinguished (Parr and McMahon, 1994) . Overexpression of Wnt-1 in mice suggests that it is involved in cell proliferation and does not determine neuronal cell fate (Dickinson et al., 1994) . The converse approach, inactivation of the Wnt-1 gene, leads to major defects in the mesencephalon and cerebellum (McMahon and Bradley, 1990; Thomas and Capecchi, 1990) . Analysis of regional brain markers in Wnt-1-deficient mice indicated that Wnt-1 may function to maintain the mesencephalon-rhombencephalon boundary (Bally-Cuif et al., 1995) (boundary 2, Fig. 6 ). Since Xwnt-2b transcripts are found in the prosencephalon-mesencephalon boundary during the developing brain they may have a role analogous to that of Wnt-1 in the establishment of the more anterior brain compartments (boundary 1, Fig. 6 ).
The expression domains of Xwnt-2b and other Xwnts that are present in the brain may overlap (McGrew et al., 1992; Moon, 1993; Wolda et al., 1993; Cui et al., 1995 ; see scheme in Fig. 6 ). This overlap in expression indicates possible functional redundancy of these Wnt products, as was proposed for Wnt-1 and Wnt-3a (McMahon et al., 1992) . At present, the functional significance of these overlapping patterns of Wnt expression is not known. It is possible that different Wnts may modulate each other's activity (Torres et al., 1996) , or other signaling factors may act together with Wnts to control neural tissue development. These candidate factors are likely to be the hedgehog proteins Lai et al., 1995) , fibroblast growth factors (reviewed by Doniach, 1995) and the TGF-b family members such as bone morphogenetic proteins or dorsalin (Basler et al., 1993; Hogan, 1996) . Further experiments are necessary to assess how interactions between these molecules pattern the neural tube along the anteroposterior and dorsoventral axes. Although brain-specific staining of Xwnt-2b mRNA is less intense at stage 35 than at stage 30 (compare Fig. 4E and F), there is no decrease in the steady state levels of this message in the whole embryo (Fig. 2) . This is due to initiation of Xwnt-2b transcription in regions other than the brain (Fig. 4G) . A major site of Xwnt-2b expression in stage 35 embryos includes the area between the heart and pronephros Xwnt-2b is expressed in the prosencephalon-mesencephalon boundary. Additional staining is seen above the heart primordium (arrowheads in A,G). The cephalic expression of En-2 is seen at the mesencephalon-rhombencephalon boundary. Embryos in (G,H) were cleared in benzyl benzoate/benzyl alcohol. Wholemount samples from stage 30 (C,D) or stage 35 (I) embryos were sectioned either transversally (C,D) or sagittally (I) and revealed Xwnt-2b expression in the dorsal mesencephalon (C). En-2 expression is detected posterior to the Xwnt-2 expression where it expands across the mesencephalon (D). Arrowheads in (I) point to non-brain staining of Xwnt-2b in stage 35 embryo between the heart and the pronephros. Abbreviations: c, cement gland; e, eye; h, heart; m, mesencephalon; o, otic vesicle; p, prosencephalon; ph, pharynx; pr, pronephros; r, rhombencephalon. Bar, 50 mm. primordia (Fig. 4I) . Based on the location of the staining and its accumulation pattern (from the heart to the pronephros), it is possible that Xwnt-2b participates in the process of blood vessel formation, since major elements of the vasculoendothelial system are formed in this area at those stages of development (Rugh, 1977; Nieuwkoop and Faber, 1994) .
When Xwnt-2b is ectopically expressed in early Xenopus embryos, it has the ability to induce a complete secondary body axis (Table 2 , Fig. 5 ). Interestingly, overexpression of human Wnt-2 (a gift of A. McMahon) in ventral-vegetal blastomeres of early Xenopus embryos leads to the formation of a secondary axis as well (unpublished results). Among other Wnts, the microinjection of synthetic RNA in the picogram range of Xwnt-1, Xwnt-3a, Xwnt-8 and Xwnt-8b also resulted in a similar phenotype (Sokol et al., 1991; Moon et al., 1993b; Cui et al., 1995) . These results show that Xwnt-2b protein is active and that it falls into the same category as the axis-inducing Wnts. This group of Wnts differs from the group of Xwnt-4, Xwnt-5A and Xwnt-11 which lack this activity (Du et al., 1995) . While the misexpression assays by microinjection are helpful in identifying two groups of Wnts, they also demonstrate interchangeable effects among the axis-inducing-Xwnts on early embryos. Studies on the mammalian counterparts of Xenopus Wnts display another common property of the axisinducing-Xwnts, i.e. the ability to transform cells in culture.
Wnt-1, Wnt-2 and Wnt-3A, but not Wnt-4 or Wnt-5a, can induce morphological transformation of epithelial cells Indicated amounts of Xwnt-2b or Vg-1 mRNA were injected as described in Fig. 5 legend. Hemmati-Brivanlou et al., 1991 ) is shown at the bottom. Domains of expression: Xwnt-1 (stage 31 embryos; Wolda et al., 1993) , mesencephalon-rhombencephalon boundary and the dorsal midline of the brain and spinal cord with a gap in a part of rhombencephalon; Xwnt-3A (stage 31; Wolda et al., 1993) , the brain around the prosencephalon-mesencephalon boundary and the dorsal midline posterior to the prosencephalon-mesencephalon boundary, descending ventrally along the inner surface of the mesencephalon; Xwnt-4 (stages 27-38; McGrew et al., 1992) , the prosencephalon-mesencephalon boundary and two areas in the rhombencephalon. The floor plate of the rhombencephalon and spinal cord; Xwnt-8b (stage 33; Cui et al., 1995) , the dorsal diencephalon, prosencephalon-mesencephalon boundary and the anterior mesencephalon. (Blasband et al., 1992; Wong et al., 1994) . Future studies will clarify if the axis inducing Wnts also have divergent functional properties in addition to their common functions. These studies may help to understand why a certain Wnt is required at a specific time and place during embryonic development and how it can contribute both to cell growth and differentiation while in other scenarios it may be involved in malignant cell transformation.
Experimental procedures
Polymerase chain reaction
To identify novel Wnt cDNAs, polymerase chain reaction (PCR) was carried out using a Xenopus ovary cDNA library (Rebagliati et al., 1985) as a template and two degenerate oligonucleotide primers encoding conserved regions of different Wnts. The primers had the following sequences: upstream, 5′-GGGGATCCATATGAA(CT)-(CT)T(AG)CA(CT)AA(CT)AA-3′ and downstream, 5′-G-GGAATTCTAGA(AG)CA(AG)CACCA(AG)TG(AG)AA-3′ and contained NdeI and EcoRI recognition sites, respectively. The conditions for each PCR cycle (a total of 35 cycles) were denaturation at 94°C for 1 min, annealing at 45°C for 1 min and extension at 72°C for 1 min, for 35 cycles.
Isolation of Xwnt-2b cDNA and sequencing
Isolated PCR fragments were digested with Nde I/Eco RI and cloned into Nde I/Eco RI-digested pGEM-5Z*f(+) plasmid (modified from pGEM-5Z, a gift of R. Harland). Sequencing of one of these fragments revealed similarity to the C-terminal sequence of the human Wnt-2 gene. The fragment was labeled by random hexanucleotide priming (Sambrook et al., 1989) and used to probe the same cDNA library that was used for PCR. Approximately 2 × 10 6 independent plaques were screened under stringent conditions (Sambrook et al., 1989) . A cDNA insert of~2.5 kb from a single positive phage was blunted with T4 DNA polymerase and subcloned into the Sma I site of pBluescript SK+ vector (Stratagene). The insert contained a 1053 bp open reading frame encoding a Wnt-2-related polypeptide that was named Xwnt-2b. Sequence analysis and alignment were carried out by using the PILEUP (Genetics Computer Group, Madison, WI), EditSeq and MegAlign (DNASTAR) programs. The coding sequence of Xwnt-2b reported here has been submitted to the GenBank and has the accession number U66288.
Xenopus eggs and embryos
Eggs were obtained from Xenopus females injected with 700 units of human chorionic gonadotropin as described (Newport and Kirschner, 1982) . Eggs were fertilized in vitro and cultured in 0.1 × MMR (Newport and Kirschner, 1982) . Embryonic stages were determined according to Nieuwkoop and Faber (1994) .
In vitro transcription and microinjection
The original cDNA insert was digested with Bgl II to isolate a 1.9 kb DNA fragment containing the complete coding sequence of Xwnt-2b. This fragment was blunted and cloned into the EcoRV site of pXT7 vector (Dominguez et al., 1995) to yield pXT7-1.9. For in vitro mRNA synthesis, pXT7-1.6 was linearized with Sal I and used as a template for T7 RNA polymerase (Megascript kit, Ambion). Synthetic Xwnt-2b mRNA (6-60 pg) in 10 nl was injected into one ventral blastomere of 4-8-cell embryos as described .
RNA probes and Northern analysis
Total RNA was extracted from oocytes and embryos in a buffer containing proteinase K and SDS . Up to 60 mg of total RNA were separated on 1% agarose gel, blotted and hybridized with 32 P-labeled antisense RNA probes (Sambrook et al., 1989) . Xwnt-2b-specific antisense probes for Northern analysis and for in situ hybridization were generated by T3 RNA polymerase from pBS-1.6 construct containing the 1.6 kb EcoRI fragment of the Xwnt-2b cDNA in pBluescript (Stratagene). Other antisense RNA probes were made from plasmids containing Xenopus fibronectin (Krieg and Melton, 1985) , En2 (Hemmati-Brivanlou et al., 1991) and Vg-1 (Rebagliati et al., 1985) cDNAs.
Whole-mount in situ hybridization
Digoxygenin-labeled antisense probes were prepared and used for whole-mount in situ hybridization as described (Harland, 1991) . Embryos were photographed before or after clearing in benzyl benzoate/benzyl alcohol (1:1). For histology, some embryos were embedded in Paraplast and 8 mm sections were cut on a rotary microtome.
